The isolated perfused kidney: Possibilities, limitations and results  by Nizet, Alphonse
Kidney International, Vol. 7 (1975), p. 1—11
EDITORIAL REVIEW
The isolated perfused kidney: Possibilities, limitations
and results
The experimental study of renal function and
metabolism requires the dissociation of extrarenal and
intrarenal control mechanisms. Such dissociation can
be achieved by stepwise suppression of the messages
transmitted to the kidneys by humoral, hormonal, he-
modynamic or nervous pathways by means of pro-
gressive isolation of these organs. The first step corre-
sponds to the kidney in situ, denervated and working
under control of arterial and venous pressures; such a
preparation eliminates the influence of nervous factors.
A similar result can be obtained by transplantation of
the kidney to a perfusor animal, with the advantage of
easier monitoring of blood pressures and flow. The
next step is the perfusion of the kidneys using the heart
as a pump and the lung as an oxygenator. The most
complete isolation is achieved by using an artificial
perfusion circuit involving a mechanical pump and an
oxygenator. In this last case, nervous, hemodynamic
and extrarenal hormonal or humoral factors are under
total control.
The present survey applies only to the totally isolated
kidney; reference will be made to experiments per-
formed with kidneys in situ (or to those using trans-
planted organs) insofar as they may be required for
comparison of results. Moreover, the procedures of
hypothermic, hyperbaric perfusion primarily devoted
to kidney storage will not be considered here.
The first attempts of artificial perfusion were made
by Löbell in 1849 [1]. In 1888, Rosenheim investigated
the properties of mercurial diuretics [2]. More recently,
several experiments have been performed with the
kidneys of various mammals: rat [3—12], dog [13—27],
rabbit [28—30], pig [34], monkey [32], sheep [32] and
man [21].
The problems of normothermic kidney perfusion
have been solved in two main ways. The first solution
has been provided by the use of artificial, cell-free per-
fusion fluids such as buffered saline solutions supple-
mented with serum albumin [4—6, 8, 12] or macro-
molecular plasma substitutes [7, 9—11]. This technique
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is relatively simple and best suited for the kidneys of
small animals. However, because of the low viscosity
of the perfusion fluid and the absence of red blood cells,
exceedingly high perfusate flows are observed [4]. No-
thing is known about intrarenal distribution of the
flow of perfusate. Bahlmann et al [4] found a normal
uptake of oxygen in rat kidneys; both proximal and
distal reabsorption of sodium and water were low, the
fractional excretion of sodium averaging 8.5 7% of
the filtered load. The glomerular filtration rate (GFR)
was below normal and it decreased progressively be-
cause of a rise of hydrostatic pressure in proximal
tubules. Despite the major hemodynamic disturbances
and the rather poor functional performance, the pro-
cedure is well-suited for metabolic and pharmacologic
investigations.
The second main solution, which is closer to physio-
logic conditions, is provided by the use of whole blood
as a perfusion fluid. A major difficulty is the vasocon-
striction which occurs almost immediately after the
beginning of the perfusion with defibrinated [33] as
well as with heparinized [34] blood. The extravasated
blood exhibits detectable vasoconstrictive properties
after having been stored for 5 mm at 37°C; blood
stored for 40 mm blocks the renal circulation almost
totally [35]. Mechanical stirring of the blood accele-
rates the development of its vasoconstrictive activity
which does not seem to be caused by the contact of the
blood with foreign surfaces [35, 36]. This vasoactive
material, which is different from serotonin [37], is
mainly released in the plasma by the erythrocytes [35,
38]. Another cause of impaired renal blood flow is the
embolization of fat droplets at later stages of perfu-
sion [39]. The vasoconstriction can be avoided by in-
serting a lung into the circuit [30, 40], at least during
the initial period [33]. The vasoconstrictive material is
neutralized by the kidney itself [41]. Taking into
account the latter point, the delay required for release
of this material and the deleterious influence of me-
chanical trauma, a successful perfusion with whole,
heparinized blood can be performed provided three
conditions are fulfilled [42]: a) minimize stirring of the
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Fig. 1. Semi-schematic drawing of a perfusion machine [16].A: thermostatic bath; B: film oxygenator; C: rotating disc;
D: Dale-Schuster pump; E: perfused kidney; F: humidificator
and bubble trap; G: moisture trap. The Dale-Schuster pump is
under external hydraulic control.
blood by using film [16, 27] or membrane [8, 20] oxy-
genators and a Dale-Schuster type pump with light
valves [16]; b) start the perfusion with fresh blood
drawn directly from the donor; c) limit the total
amount of blood, which must not exceed 15 times the
weight of the kidney, in order to reduce the interval of
time between two passages of the blood through the
organ. The vasoconstricting material is then elimin-
ated continuously [42, 43]. A transient initial drop in
blood flow rate can be avoided by addition of a short-
acting vasodilating drug [42, 43]. A semi-schematic
drawing of a perfusion machine is presented in Fig. 1.
In order to avoid alterations in the composition and
concentration of the blood, it is necessary to reinfuse
the urine into the blood or to replace the urine quanti-
tatively by adequate solutions [21, 24, 43]. The "re-
circulation" of urine allows the establishment of a
steady state. The equilibration of the blood with a
gaseous mixture containing 95 to 96% 02 and 4 to
5% CO2 keeps pH and Pco2 within normal limits [21,
24, 42]. Some degree of mechanical hemolysis cannot
be avoided but it does not impair significantly renal
function [42].
The general pattern of functional behavior of the
blood-perfused isolated kidney can be summarized as
follows.
Renal blood flow. Normal values can be obtained
when the conditions mentioned above are met [24, 43].
The blood flow increases progressively and reaches
high rates after two to three hours: 6± 1.2 [43] and
7.4± 1.2 [24] ml/min/g, with perfusion pressures be-
tween 90 and 130 mm Hg. The terminal vasodilatation
seems to be related both to the removal of vasocon-
stricting factors and to the activation of bradykinin-
like substances [43]. The autoregulation of renal blood
flow is normal during the first hour; it later disap-
pears progressively while blood flow increases [20, 42],
because of impaired vascular tone [20] or depletion of
metabolic substrates [24]. The loss of autoregulation
parallels the depletion of angiotensinogen [20]. Some
disturbances of medullary circulation are detected
during the terminal vasodilatation phase; the blood
flow in the inner medulla, evaluated by local photo-
metry, is increased by a factor of about 40% [43]; the
distribution of radionuclide-labelled microspheres de-
monstrates a shift of blood flow from outer to inner
cortex [26, 27]. Para-aminohippurate (PAH) extraction
is lower than in the kidney in situ [18, 24] partly be-
cause of altered tubular secretion [23].
Glomerular filtration rate. During the initial phase of
perfusion, the GFR is at the lower limit of the normal
range: 50 7 ml/min/l00 g [43], 46 7 ml/min/100 g
[24]. Better values (69 9 ml/min/l00 g) have been
obtained with defibrinated blood [24]. Glomerular
filtration decreases progressively after two to three
hours [18, 24, 43]. This impairment has been related to
the embolization of fat droplets in the glomeruli [24].
According to observations by myself and others [43],
its major cause is a decrease of effective filtration pres-
sure: the contact of the blood with foreign surfaces in-
duces the release of bradykinin-like vasodilators and a
permeability factor; reduction of vascular resistances
combined with the development of interstitial edema
results in an increase of proximal intratubular pressure;
the proximal tubules are dilated and the transit time is
prolonged [43]. The weight of the kidney increases be-
cause of fluid retention in the tubules and interstitial
edema [24, 43].
Urine concentration and water excretion, in experi-
ments by myself and others [43], during a first period
of 40 to 60 mm, the urine may reach an osmolality of
800 mOsm; later, urine flow rises and the urine be-
comes hypotonic (60 to 150 mOsm). This period of
water diuresis can be suppressed by administration of
vasopressin. After three to four hours, the urine con-
centration approaches isotonicity. The same pattern
has been observed by several other authors [20, 21, 24,
02+ CO2
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27]. The loss of concentrating power is probably due
to medullary edema and disturbances of deep cortical
and medullary blood flow [27, 43], resulting in the dis-
appearance of the cortico-medullary osmotic gradient
[27].
Sodium excretion. Contrary to frequent statements,
the fractional reabsorption of sodium can be normal.
In our experiments it did not exceed 0.36 0.09% of
the filtered load after two hours of perfusion, pro-
vided that both the kidney and blood were taken from
the same dog previously submitted to a sodium-poor
diet [43]. Fractional excretion is usually higher when
the kidney and blood are taken from two different
dogs. After three to four hours, sodium rejection de-
velops unless the blood is replaced. The progressive im-
pairment of tubular transport might be due partly to
the accumulation of ammonia in the blood [21, 24,44],
and partly to the exhaustion of various metabolic sub-
strates [24]. High values of sodium excretion may also
be the consequence of denervation [45] and suppres-
sion of lymphatic drainage [46].
Acidification of urine. The lack of an ability to ex-
crete an acidic urine represents a major functional ab-
normality of isolated kidneys [21, 24, 42]. However,
the ability to excrete an acidic urine is regained im-
mediately upon transplantation of the isolated kidney
to the neck of a perfusor dog, as demonstrated in our
laboratory by R. Barbu.
The general pattern of a perfusion experiment with
whole blood is presented in Fig. 2.
Pharmacology and metabolism
Testing diuretic drugs. Perfusion with cell-free fluids
or with whole blood allows an investigation of the
direct renal effect of diuretics [2, 47]. Furosemide and
ethacrynic acid have been studied recently. The en-
hancement of saline diuresis by furosemide has been
found to be similar in the isolated blood-perfused dog
kidney and in the kidney in situ [48]; this drug has
been proved to be devoid of influence on either
phosphate [48] or glucose [48, 49] excretion. Etha-
crynic acid increased glucose excretion in rat kidneys
perfused with cell-free fluid [49]; in the same experi-
mental conditions, the diuretic activity of both furose-
mide and ethacrynic acid was not related to an im-
pairment of renal glycolysis [49]; moreover, the inhibi-
tion of sodium reabsorption by ouabain and furose-
mide was additive, thus suggesting that different func-
tional sites are involved [50].
Kidney metabolism, substrates and excretion. Oxygen
is consumed by the isolated blood-perfused dog kidney
at a rate between 0.02 and 0.05 ml/min/g with rather
low GFR's averaging 25 ml/min/l00 g [18, 21], the
normal value being about 0.08 ml/min/g [51]; the low
oxygen uptake corresponds approximately to the re-
duction of the filtered load and the subsequent re-
absorption of sodium. The relationship between
sodium reabsorption and oxygen consumption has
been confirmed in the isolated blood-perfused rabbit
kidney [30]. Bahlmann, Ochwadt and Schroder [17]
investigated glucose and lactate metabolism in blood-
perfused dog kidneys after addition of urinary '4C-
glucose to the blood. After due correction for glycolysis
in the blood, they demonstrated a CO2 production of
225 imoles/min/100 g, a net glucose uptake of 14.3
mo1es/min/100 g, and a net lactate uptake of 21.4
mo1es/minJ 100 g. The decrease of specific activity
demonstrated a glucose production of 5.6 moles/min/
100 g. One-half of total CO2 was derived from glucose;
66°/ of glucose was metabolized in the kidney; 34%
was degraded to lactate in the blood and the lactate
oxydized to CO2 in the kidney [17]. After addition of
14C-palmitate, a nonesterified fatty acid (NEFA) up-
take of 1.5 moles/min/100 g was demonstrated, 0.43
moles/min/100 g being oxydized to C02; 7.5% of the
CO2 formed by the kidney was derived from NEFA
[52]. A predominant renal uptake of lactate has been
observed in the early phases of perfusion of dog kidney,
followed by a predominant uptake of NEFA [24].
Sodium transport was enhanced by simultaneous addi-
tion to the blood of glucose, lactate, pyruvate and
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Fig. 2. General pattern of a perfusion experiment with whole
blood and with autonomous vasopressin supplementation (personal
experiment).
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proline [24]. The relationship between various sub-
strates, sodium reabsorption and potassium excretion
has been investigated systematically by Bowman,
Dolgin and Coulson in rat kidneys perfused with a cell-
free fluid [49, 50]. Both glucose and endogenous fatty
acids were required for maximal sodium reabsorption;
oxidation of fatty acids supplied a portion of the energy
required for active electrolyte transport, while glucose
might promote reabsorption either by its metabolism
or by coupled transport [53]. While sodium reabsorp-
tion was reduced following inhibition of NEFA uptake
by cc-bromopalmitate without change in tissue (ATP)
concentration [53], inhibition of glycolysis by iodo-
acetate induced no major disturbance in sodium trans-
port [49]. In the absence of substrate, a-bromopal-
mitate increased potassium excretion [53]. When pre-
sent in combination with furosemide, cc-bromopal-
mitate reduced the kaliuretic effect of the latter, sug-
gesting that at least one site of action of cc-bromopal-
mitate differed from that of furosemide [53].
The role of Na-K-ATPase in tubular reabsorption of
sodium has been investigated in rat kidneys perfused
with cell-free fluid. Franke, Malyusz and Weiss [7]
measured the Na-K-ATPase activity in three sub-
cellular fractions and demonstrated a correlation with
net reabsorption of sodium. Ouabain, at concentra-
tions which completely inhibit Na-K-ATPase activity,
reduces the net tubular transport of sodium to one-
half [12, 50, 54], while cyanide and iodoacetamide
suppress it completely [12]. These data are compatible
with the existence of a "second pump" for sodium,
independent of Na-K-ATPase.
Berkowitz, Miller and Itskovitz [20] observed during
the perfusion of dog kidneys with blood a progressive
increase in the renin content of the blood together with
a decrease of renin substrate. Lowering the perfusion
pressure enhanced renin release [22]. Renin release and
renin-substrate relationships have been studied in
rabbit kidneys, and prolonged perfusions with cell-free
fluids were improved by using an angiotensin-free
medium [55]. In blood-perfused dog kidneys, the pro-
gressive shift of blood flow from outer to inner cortex
was corrected by injection of tetradecapeptide renin
substrate, thus suggesting that angiotensin acts as an
intrarenal hormone modulating renal blood flow [26].
Ammonia production and pathways of glutamine
metabolism have been studied recently by Welbourne,
using rat kidneys perfused with a Krebs-Henseleit-
dextran solution [9—11]. A comparison was made
between kidneys of acidotic and nonacidotic rats, the
perfusion being performed with various concentrations
of glutamine. Acidotic kidneys demonstrated greater
glutamine extraction and ammonia production. The
experiments suggest that, at physiological concentra-
tions, glutamine is utilized only by the glutaminase I
pathway. Saturation of the glutamine I pathway leads
to glutamine utilization via the glutamine transferase
pathway [9]. Glutamine transport coupled to gluta-
minase I utilization is most probably mediated by
passive diffusion [10]. Triamcinolone restores am-
monia production by the adrenalectomized rat kidney
by facilitating glutamine uptake coupled to gluta-
minase I; the most likely site of action is on the mito-
chondrial membranes, increasing permeability to
glutamine diffusion [11].
Control of glomerular filtration rate
When a kidney removed from a previously dehy-
drated dog is introduced into the perfusion circuit of
another blood-perfused kidney, a reversible decrease
of the GFR of the latter is observed. This effect is not
demonstrated if the kidney is taken from a salt-
depleted animal instead of a dehydrated one. The
decrease of glomerular filtration is independent of
vascular tone, suggesting that, in the conditions of de-
hydration, the kidney releases a humoral material
which induces permeability changes in the glomeruli.
The same phenomenon, qualitatively and quantit-
atively, was observed in experiments using kidneys
transplanted to perfusor dogs; the isolated perfusion
demonstrating unequivocally the renal origin of the
humoral mechanism involved [56].
Control of reabsorption and excretion
Glucose handling. As has been demonstrated in the
whole organism [57], the tubular maximum of glucose
(TmG) is proportional to the GFR; moreover, for a
given value of the latter, it is independent of plasma
glucose concentration and, therefore, of its filtered
load provided that the threshold is reached [48]. The
value of TmG/GFR in the isolated blood-perfused dog
kidney is the same as in the whole animal; therefore, it
does not depend primarily on extrarenal control [48].
By increasing the filtration rate, we could not saturate
the reabsorption of glucose and reach an absolute
TmG in the blood-perfused dog kidney [48]. Similar
results were obtained in the rat kidney perfused by an
artificial, cell-free medium [5]. Furosemide has no
direct influence on TmG [48]. While ouabain reduces
both sodium and glucose reabsorption by the isolated
rat kidney [54], saline loading reduces sodium re-
absorption more than glucose reabsorption in isolated
dog [48] and rat [5] kidney.
Phosphate handling. Contrary to glucose, phosphate
reabsorption by the isolated blood-perfused dog kidney
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is proportional to the filtered load of phosphate (and
not to the GFR) up to a value of the latter of 10 mg of
P/min/l00 g; this value represents an absolute Tm
which is higher than in normal or thyroparathyroi-
dectomized dogs. The influence of blood dilution by
saline on fractional reabsorption of phosphate depends
on the filtered load of this ion; at low values of this
load, the reabsorption is not influenced significantly;
at high values, the reabsorption is moderately im-
paired [48]. These findings are compatible with experi-
mental results obtained in the whole animal, which in-
dicate that the phosphate diuresis induced by saline
infusion is, in part, controlled by parathyroid secre-
tion [58].
Excretion of sodium and water. Several hormonal
and nonhormonal factors modulating tubular re-
absorption and excretion of sodium and water have
been investigated. Supplementation of the blood-
perfused dog kidney with antidiuretic hormone pre-
vents the development of a water polyuria, but is un-
able to induce the secretion of a hypertonic urine. This
limitation of the hormonal effect is probably due to the
washout of cortico-medullary osmotic gradient be-
cause of increased medullary blood flow [27, 43]. The
overall fractional reabsorption of sodium by the blood-
perfused dog kidney is increased by aldosterone [24].
An observation familiar to the clinician is the increased
excretion of water, sodium and potassium which occurs
during fasting; these changes, together with the con-
comitant loss of body wt, are reversed upon glucose
feeding. Simultaneous perfusion with blood of the two
kidneys of the same dog by two identical machines,
and unilateral supplementation with insulin, the other
kidney serving as a reference, demonstrated that in-
sulin at plasma concentrations within the range of in-
crease observed upon refeeding after a fasting period
reduces the excretion of sodium, potassium and water,
the sodium retention being due to increased fractional
reabsorption of this ion [59]. An enhancement of
sodium transport after addition of insulin has already
been demonstrated in various preparations such as
frog skin [60], as well as a reduction of urine output in
the whole organism [61]. However, these effects were
observed with insulin concentrations far above the
pathophysiologic range. The important point in the
present experiments is that the changes observed in the
excretion of sodium, potassium and water were quanti-
tatively the same as in the whole organism for corre-
sponding values of plasma insulin concentrations, thus
demonstrating that this hormone plays an important
role in this clinical phenomenon.
The modulation of sodium reabsorption by "physi-
cal factors" has been demonstrated in the whole
animal by many investigators [62]. However, many
experiments do not rule out the possible interference
of specific humoral factors such as an eventual natri-
uretic hormone. Such interference is eliminated in
experiments performed with totally isolated kidneys;
unfortunately, even under the best technical conditions
achieved at present, the blood-perfused kidney cannot
be considered to be a completely normal organ; the
most evident drawbacks being disturbances of intra-
renal blood circulation, decreased concentrating
power, a somewhat reduced GFR and progressive
functional changes occurring during perfusion experi-
ments. The accuracy and reliability of the results is
considerably inproved by simultaneous perfusion of
the two kidneys of the same pair by two identical
machines, one of the kidneys serving as a permanent
reference [63]. Moreover, valuable information of
quantitative character can be obtained by combining
experiments performed comparatively with kidneys in
situ, transplanted kidneys and totally isolated organs.
While none of these experimental procedures is en-
tirely devoid of limitations to any interpretation of
results, an eventual concordance of the collected data
offers a much higher degree of significance.
A systematic analysis of the role played in the con-
trol of overall fractional reabsorption of sodium by
various nonspecific blood factors demonstrates that
the natriuretic response of the isolated kidney to the
addition of saline to the perfusing blood is the result of
the cumulative influence of several nonspecific indexes
modified by dilution of the blood such as hematocrit,
plasma oncotic pressure and renal plasma flow, with
mutual interdependence of these indexes [64]. It is not
yet possible to evaluate the role played in the response
to these factors by intrarenal mechanisms such as re-
distribution of blood flow or GFR and proximal and
distal reabsorption. These points have not yet been in-
vestigated systematically in isolated blood-perfused
kidneys.
Increased arterial pressure enhances not only water
and fractional sodium excretion [19, 65, 66] but also
the natriuretic response to the addition of saline to the
perfusing blood; thus, the well-known accelerated ex-
cretion of such a load by the hypertensive organism
appears to be a local consequence of increased arterial
pressure in the kidney [66]. These results must be in-
terpreted with caution, at least from a quantitative
point of view, since the decreased vascular tone and
impaired autoregulation of blood flow are likely to
exaggerate the response. Overall fractional excretion
of sodium is positively related to plasma sodium con-
centration [67] and plasma flow [64]. Oncotic pressure
of the plasma also modulates the overall fractional ex-
cretion of sodium [8, 65, 68, 69]. It is important to note
that this effect is quantitatively the same in the isolated
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blood-perfused organ and in the kidney in situ in-
vestigated under experimental conditions which limit
nervous or hemodynamic interferences [68]. Also of
interest is the fact that the potentiation of "saline
natriuresis" by preferential distal blockade is compar-
able in both experimental conditions; the influence of
postglomerular plasma oncotic pressure is operable
within the same range in the kidney in situ, investigated
by micropunction and microperfusion techniques, and
in the isolated kidney under distal blockade [68]. In
contrast with plasma oncotic pressure, the response of
the isolated kidney and of the organ in situ to the
changes of plasma potassium concentration are dif-
ferent. Overall fractional reabsorption of sodium by
the isolated dog kidney is depressed by hypokalaemia
[701; a similar effect of extracellular potassium con-
centration on the transport of sodium has been ob-
served in the toad bladder [71], in separated renal
tubules [72] and in rat kidney cortex slices [73]. On the
contrary, as demonstrated by Vander [74], raising
plasma potassium concentration in the renal artery in
situ induces a natriuresis together with a release of
renin; perhaps the opposite results might be due to a
biphasic dose-response relationship.
As already indicated herein, the natriuretic response
to saline loading is, at least in part, the result of a direct
effect on the kidney of nonspecific changes in blood
concentration. This renal response has been measured
quantitatively in paired isolated organs [63]. The two
kidneys of the same dog were perfused simultaneously
by two identical machines, with identical heparinized
blood. Following addition of an isotonic saline load to
the perfusing blood on one side, sodium and water ex-
cretion increased as compared with the control side.
The difference in urine flow decreased progressively
and urine output became equal on both sides after two
to four hours; at the time, the cumulative difference
between both sides in the amounts of sodium and water
excreted was equal to the load added to the blood and
blood concentration had come back to equal values on
both sides; the autonomous response of the kidney to
blood dilution proved to be quantitative. Moreover, in
the case of a hypotonic saline load, the cumulative
difference in both sodium and water excretion
matched, respectively, the amounts of sodium and
water added to the blood; osmotic free water was
excreted quantitatively (Fig. 3). Under bilateral supple-
mentation with vasopressin, no water diuresis de-
veloped on either side, but the differences in water and
sodium output were unchanged. Therefore, a feedback
effect exists between the kidney and the blood, working
in the sense of a stable equilibrium of blood concentra-
tion; the kidney combines the information provided by
the various dilution indexes so as to excrete quanti-
Fig. 3. Average results of paired experiments involving unilateral
supplementation with hypotonic saline [63] demonstrating the
quantitative excretion of both sodium and water (limits of con-
fidence for 2P= 0.05).
tatively sodium and water in excess. The sensitivity of
the renal response to hemodilution helps to elucidate
some clinical and experimental observations such as
the fast renal compensation. It is well known that acute
reduction of functional renal mass is followed within a
few hours by a compensatory readjustment of excre-
tion in the remaining nephrons. In paired experiments
we added in one of the machines, to the perfusing
blood, an amount of water and solutes corresponding
to average hourly excretion rates of a kidney of the
same weight. Such a condition mimics the consequence
of the suppression of the contralateral organ. For an
average kidney wt of 30 g, this represented the addition
of about 12.5 ml of water, containing the various elec-
trolytes and urea, to 450 ml of perfusing blood. Despite
the very slight changes induced in blood concentra-
tions, increases in the excretion of water, sodium and
urea, as compared with the control side, were more
than sufficient to match the excess load. The addition
of a sodium-poor load resulted in sodium retention
and adequate water excretion even in the presence of
an excess of urea. These readjustments were essentially
related to the modulation of fractional reabsorption
[75]. Significant changes in the excretion of water and
solutes can therefore be induced by the cumulative
effect of changes in various dilution indexes, even if
these changes are within the limits of errors of clinical
measurements, and before the interference of other
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natriuretic factors which develop in chronic condi-
tions [76].
The value of these observations depends largely on
the assumption that the sensitivity of the isolated
blood-perfused kidney to blood dilution indexes is
comparable to the sensitivity of the kidney in situ. The
increase of fractional excretion of sodium induced by
an equal degree of hemodilution by isotonic saline has
been compared in the kidney acutely transplanted to
the neck of a perfusing dog and in the completely iso-
lated kidney, arterial and venous pressures being ad-
justed to the same values in both series of experiments.
The response was quantitatively the same [77] (Fig. 4).
Fig. 4. Comparison of the response of kidneys perfused at identi-
cal arterial (140 mm Hg) and venous (0) pressures by a dog (left)
or by a machine (right). Values indicate the increase of fractional
excretion of sodium (% of filtered load) induced by a blood
dilution corresponding to a decrease of I g/liter of plasma pro-
tein concentration (limits of confidence for 2 P= 0.05). Both
values are identical [77].
These results have to be integrated into our general
knowledge of the mechanisms which insure the
stability of volume and composition of the extracel-
lular space. The general notion of "extracellular fluid
volume expansion" must be analyzed. It represents the
sum of interstitial and intravascular expansion; more-
over, after i.v. infusion of a saline solution, intra-
vascular expansion is correlated with a proportional
dilution of the blood. Renal excretion may depend
primarily on the changes occurring in the extracellular
space as a whole, in the interstitial space or in the in-
travascular space, the natriuretic message sent to the
kidney being hemodynamic, nervous or hormonal in
nature. The primary regulating mechanism might also
be related to the changes in composition of interstitial
and/or intravascular fluids, acting directly on the
kidney or under mediation of a natriuretic hormone.
Experiments conducted on kidneys in situ and on
kidneys transplanted to the neck of a perfusor dog in-
dicate that both extravascular and intravascular ex-
pansion per se are of little importance in the induction
of "saline natriuresis" in the narcotized animal. Dur-
ing progressive infusion of saline to the anesthetized
dog, no natriuretic response is observed as long as
blood volume (and dilution) remain constant, despite
the continuous expansion of extravascular space [77—
79]. On the other hand, provided that arterial and
venous pressures are kept constant, a massive expan-
sion of intravascular space (without dilution) following
the infusion of blood induces only a slight natriuretic
response in a kidney transplanted to the neck of a per-
fusing dog [80]. This response is at least ten times
smaller than the one observed in strictly identical ex-
perimental conditions after a comparable intravascular
expansion induced by saline, involving a proportional
hemodilution [77, 79]. Several experiments have been
performed in order to demonstrate a natriuretic re-
sponse to intravascular expansion; a critical review has
been presented recently by Levinsky [81]; if nervous or
hemodynamic control was excluded and if previous
dilution of the blood was avoided, the observed re-
sponses were very small despite massive intravascular
expansion. Also of significance is the fact that the re-
sponse to intravascular expansion reaches its maximum
after about 30 mm [82], while the response to dilution
is almost immediate and parallels closely the curve of
hemodilution in the kidney in situ or transplanted on a
perfusor dog [43, 79].
The good agreement between these results obtained
with kidneys perfused by a dog or by a machine points
to the predominant importance of hemodilution as
compared with more specific humoral factors eventu-
ally released as a consequence of either interstitial or
intravascular expansion following saline infusion.
I
I
0.2
8 Nizet
However, this demonstration had to be confronted
with the well-documented evidence of a natriuretic
material in the blood of sodium-loaded animals, and
with the fact that a sodium-depleted animal exhibits a
low natriuretic response [83, 84]. Comparative study
of the kidney in situ, the transplanted kidney and the
isolated organ helped to elucidate these points. The
modulation of fractional reabsorption of sodium
following an i.v. infusion of saline has been investi-
gated in dogs fed sodium-rich or poor diets, after trans-
plantation to the neck of these animals of kidneys
removed from dogs previously submitted to both types
of diet [79]. The response of in situ and transplanted
organs has been compared in the four possible com-
binations of perfusors and kidney donors. The results
may be summarized as follows: in a sodium-depleted
dog, although the decrease of fractional reabsorption
was proportional to the degree of hemodilution, its
magnitude for the same degree of the latter was re-
duced; moreover, if the kidney of a sodium-loaded dog
was perfused by a sodium-deprived animal, the sensi-
tivity of this kidney to hemodilution was maximal and
the sensitivity of the kidney in situ was enhanced. This
experiment indicates the following: a) a different re-
sponsiveness of the kidney itself to hemodilution is a
major determinant of the differences in fractional re-
absorption of sodium depending on previous sodium
balance; b) the kidney of a sodium-loaded animal
bears the natriuretic message and c) releases it into the
blood. The renal origin of the natriuretic material was
suggested; it should be reminded here that such a
material can be extracted from the kidney [85]. A clear
demonstration has been provided by the isolated
kidney; two kidneys of the same pair, taken from a
salt-depleted dog, were perfused simultaneously and
separately by the blood taken from a salt-depleted.
donor. An isotonic saline load was added on one side.
Blood samples were taken at various intervals of time
and the plasma extracts were tested for their natriu-
retic activity in the rat. While no significant activity
was detected on the control side, an intense natriuretic
response was induced by the material extracted from
the saline-supplemented blood perfusing the contra-
lateral kidney. The same extraction technique applied
to the plasma of salt-loaded animals provided a similar
natriuretic material [86].
These findings may help to reconcile and integrate
the role of both "physical" and more specific humoral
indexes. They point strongly towards the assumption
that a major humoral determinant of enhanced frac-
tional excretion of sodium after saline loading is the
direct effect on the kidney of nonspecific blood changes
and that the natriuretic material detected in the blood
is released by the kidney depending on the sodium
balance. Hemodilution itself might be at least one of
the stimuli of this release, as demonstrated by the
abovementioned experiments; it is possible that the
natriuretic material represents an intrarenal mediator
of the response [86].
Discussion
Despite its potential interest, the use of isolated per-
fused kidneys in experimental investigation has been
hampered by certain drawbacks such as the impair-
ment of blood circulation. Several of them have been
solved. Simple circuits, using the kidneys of small
animals and cell-free perfusion fluids, have been used
successfully for metabolic and pharmacologic studies.
A quantitative approach of the regulation of urine
secretion requires the use of whole blood. The quality
of the results depends upon careful control of many
technical details, however small they might appear.
Under the best conditions achieved so far, one cannot
avoid a progressive loss of vascular tone, some redis-
tribution of intrarenal blood flow, a moderate reduc-
tion of GFR, a loss of urine acidification and a
progressive impairment of the ability to concentrate
the urine. The isolated kidney cannot be considered to
be a suitable tool for the study of intrarenal circulation
or the regulation of acid-base balance. Serious diffi-
culties are the lack of stability of the preparation whose
functional indexes undergo progressive changes, and
the sometimes unpredictable differences observed
between individual experiments. It is however possible
to solve many of these problems by the simultaneous
perfusion of the two kidneys of the same pair, by two
identical machines, with identical blood. One definite
index can then be modified on one side, the other side
serving as a reference at each corresponding period.
Statistical evaluation of the results can be made on the
basis of a reasonable number of paired values, and
small differences can be demonstrated with an accuracy
which is probably impossible to reach without simul-
taneous control. In our opinion, the paired experiments
represent the best way to get accurate results.
There is little doubt but that more extensive use of
this technique may help to elucidate some problems
such as renal effect, secretion, catabolism or excretion
of various hormones. Study of the regulation of urine
excretion requires the use of blood-perfused kidneys.
Two main points should always be kept in mind: on
one hand, this preparation practically represents the
only possible and logical way to identify autonomous
renal mechanisms; on the other hand, even under the
best available conditions, there are still several func-
tional abnormalities which may reduce the physiologic
significance of the results.
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It might be assumed that, when the behavior of the
isolated kidney differs from the behavior of the kidney
in situ, the results must be interpreted with caution, al-
beit the knowledge of the reasons of the differences
may be of significance. When the systematic compari-
son of the results obtained with this technique and in
other experimental conditions (in situ or transplanted
kidneys)—none of which is devoid of its own limita-
tions—gives identical results, then it may be concluded
with a reasonably high degree of certainty that the
mechanisms involved depend on the kidney itself and
are of valuable pathophysiologic significance.
ALPHONSE NIZET
Liege, Belgium
Reprints requests to Pr. Dr. A. Nizet, Head, Institute of Medi-
cine, Department of Medical Clinics and Semiology, University
of Liege, Hôpital de Bavière, Bvd de Ia Constitution 66, B, 4000
Liege, Belgium.
References
1. STARLING EH, VERNEYEB: The secretion of urine as studied
in the isolated kidney. Proc R Soc Biol [Biol] 97:321—363,
1925
2. ROSENHEIM T: Experimentelle zurTheorie der Quecksilberdi-
urese. ZKim Med 14:170—176, 1888
3. BAUMAN AW, CLARKSON TW, MILES EM: Functional
evaluation of isolated perfused rat kidney. J Appi Physiol
18:1239—1246, 1963
4. BAHLMANN J, GIEBISCH G, OCHWADT B, SCHOEPPE W:
Micropuncture study of isolated perfused rat kidney. Am J
Physiol 212:77—82, 1967
5. BOWMAN RH, MAACK T: Glucose transport by the isolated
rat kidney. Am JPhysiol 222:1499—1504, 1972
6. BERTERMANN H, FRANKE H, WEISS C: CO2 production by
the isolated perfused rat kidney from '4C-labelled substrates
(abstr.). Pflugers Arch 339 (suppl.):R45, 1973
7. FRANKE H, MALYUSZ M, WEISS C: Changes of the Na-K-
ATPase activity in the isolated artificially perfused rat
kidney (abstr.). Pflugers Arch 339 (suppl.): R45, 1973
8. LrrrJE JR, COHEN JJ: Effect of albumin concentration on
function of isolated perfused rat kidney. Am J Physiol 226:
512—517, 1974
9. WELBOURNE TC: Ammonia production and pathways of
glutamine metabolism in the isolated perfused rat kidney.
Am JFhysiol 226:544—548, 1974
10. WELBOURNE TC: Evidence for passive glutamine uptake
coupled to glutaminase I. Am J Physiol 226:549—554, 1974
11. WELBOURNE TC: Influence of adrenal glands on pathways of
renal glutamine utilization and ammonia production. Am J
Physiol 226:555—559, 1974
12. Ross BD, LEAF A, EPSTEIN FH: Evidence in the perfused
kidney for Na reabsorption not mediated by Na-K-ATPase,
in Abs. of the 5th mt Congr of Nephrol. Mexico City, 1972,
p. 138
13. EGGLETON MG, PAPPENHEIMER JR: The mechanisms of
dilution diuresis in the isolated kidney and the anesthetized
dog. JPhysiol(Lond) 98:336—360, 1940
14. SHATKIN S, ANTHONE R, ANTHONE S, MACNEILL AE: Organ
perfusion: Maintenance of function of canine kidneys in
vitro by a new perfusion technique. Plast Reconstr Surg 29:
167—174, 1962
15. BARKIN M, KATZ S, D'ALoIsIo J, KERR WK: Normother-
mic perfusion of the isolated dog's kidney on a pumpoxy-
geriator system. Surg Gynecol Obstet 117:161—166, 1963
16. CUYPERS Y, NIZET A, BAERTEN A: Technique pour Ia per-
fusion de reins de chien avec du sang hépariné. Arch mt
PhysiolBiochim 72:245—255, 1964
17. BAHLMANN J, OCHWADT B, SCHRODER F: Cber den Glucose-
und Lactat-Stoffwechsel von isolierten Hundenieren.Pfluigers
Arch 286:207—219, 1965
18. SCHRöDER E, OCHWADT B, BETFIGE H: Herstellung und
Funktion eines isolierten Nierenpraparates vom Hund.
Pflugers Arch 286:189—198, 1965
19. CRAIG GM, MILLS IM, OSEALDISTON GW, WISE BL: The
effect of change of perfusion pressure and haematocrit in the
isolated perfused kidney. J Physiol (Lond) 186:113-414,
1966
20. BERKOWITZ HD, MILLER LD, ITsKowITz HD: Rena Ifunc-
tion and the renin-angiotensin system in the isolated per-
fused kidney. AmJPhysioi2l3:928—934, 1967
21. KULATILAKE AE: Isolated perfusion of canine and human
kidneys. BrJ Surg 54:877—882, 1967
22. YAMAMOTO K, HASEGAWA T, UEDA J: Renin secretion in the
perfused dog kidney. Jap J Pharmacol 18:1—8, 1968
23. FONTAINE JL,MACKG,GEISERT J, FOUCHER G, NEGRERASL,
FONTAINE B: Perfusion do rein de chien: Etude de quelques
facteurs de variation de Ia résistance a l'écoulement de
l'organe. J Urol Nephrol 75:507—518, 1969
24. WAUGH WH, KUBOT: Development of an isolated perfused
dog kidney with improved function. Am J Physiol 217:277—
290, 1969
25. KREIS H, LACOMBE M, CIANCI0NI C, CROSNIER J: La con-
servation extracorporelle du rein. J Urol Nephrol 77: 877—
907, 1971
26. ITSKOWITZ HD, HEBERT LA, MCGIFF JC: Antiotensin as a
possible intrarenal hormone in isolated dog kidneys. Circ
Res 32:550—555, 1973
27. GAGNON JA, GROVE DW, FLAMENBAUM W: Blood flow dis-
tribution and tissue solute content of the isolated-perfused
kidney. Pflugers Arch 347:261—274, 1974
28. ROSENFELD S, SELLERS AL, KATZ J: Development of an
isolated perfused mammalian kidney. Am J Physiol 196:
1155—1159, 1959
29. LEvIN NW, RYAN WG, HAYASHI J, KARK RM: Studies on
the isolated perfused rabbit kidney. S Afr J Med Sci 30:78,
1965
30. TORELLI G, MILLA E, KLEINMAN LI, FAELLI A: Effect of
hypothermia on renal sodium reabsorption. Pfluigers Arch
342:219—230, 1973
31. PAQUET KJ: Hemodynamic studies on normothermic per-
fusion of the isolated pig kidney with pulsatile and non
pulsatile flows. J Cardiovasc Surg 10:45—53, 1969
32. TELANDER RL: Prolonged normothermic perfusion of the
isolated primate and sheep kidney. Surg Gynecol Obstet 118:
347—353, 1964
33. HEEIINGWAY A: Some observations on the perfusion of the
isolated kidney by a pump. J Physioi (Lond) 71:201—213,
1931
34. BRULL L, LOUIS-BAR D: Toxicity of artificially circulated
heparinized blood on the kidney. Arch mt Physiol Biochim
65:470—476, 1957
35. NIZET A, CUYPERS Y, MASSILLON L, LAMBERT 5: Mise en
evidence de facteurs réduisant le debit sanguin renal, et
10 Nizet
libérés par les hématies. Arch mt Physiol Biochim 65 568—
588, 1957
36. NIZET A, CUYPERS Y, MASSILLON L: Sur les propriétés
vasoconstrictrices du sang soumis a une stase intravascu-
laire. CR Soc Biol (Paris) 153:520—523, 1959
37. CUYPERS Y, NIZET A, BARAC G: Action directe de Ia 5-
hydroxytryptamine, de l'adrénaline, de l'artérénol et de
I'histamine sur le debit sanguin renal chez le chien. CR Soc
Biol (Paris) 151:1768—1770, 1957
38. LUSTINEC K: Vasoconstrictor properties of blood in perfu-
sion experiments. PhysiolBohemoslov 14:583—593, 1965
39. BELZER FO, ASHBY BS, HUANG JS, DUNPHY JE: Etiology of
rising perfusion pressure in isolated organ perfusion. Am J
Surg 168:383—391, 1968
40. BAINBRIDGE FA, EVANS CL: The heart, lung, kidney pre-
paration. J Physiol (Lond) 48:278—286, 1914
41. CUYPERS Y, KOVER G, NIZET A: Neutralisation par dif-
férents organes de l'action vasoconstrictrice du sang hépa-
rifle Ctconserve. Arch mtPhysiol Biochim 69:213—221, 1961
42. NIZET A: Recherches sur le rein isolé perfuse par un système
artificiel. Bull AcadR Med Belg 3 (series 7): 283—314, 1963
43. NIZET A, CUYPERS Y, DEETJEN P, KRAMER K: Functional
capacity of the isolated perfused dog kidney. Pflugers Arch
296:179—195, 1967
44. PREUSS HG, MURDAUGH HV: The toxic effect of ammonia
on renal cortical tubule function in vitro. J Lab Cliii Med 71:
561—572, 1968
45. KAMM DE, LEVINSKY NG: The mechanism of denervation
natriuresis. J Clin Invest 44:93—102, 1965
46. WODA T, OcowA M, ISHIKAWA J, YAMANCHI M, KALO E,
AsoNo S: The mechanism of diuresis caused by renal lym-
phatic obstruction. C/in Sci 38:479—489, 1970
47. KUPFER S, THOMPSON DD, PITTS RF: The isolated kidney
and its response to diuretic agents. Am J Physiol 167:703—
713, 1951
48. NIZET A: Excretion and tubular reabsorption of sodium,
glucose and phosphate by isolated dog kidneys: Influence of
blood dilution. Pflugers Arch 332:248—258, 1972
49. BOWMAN RH, DOLGIN J, COULSON R: Furosemide, etha-
crynic acid and iodoacetate on function and metabolism of
perfused rat kidney. Am J Physiol 224:416—424, 1973
50. BOWMAN RH, DOLGIN J, COULSON R: Interaction between
furosemide and ouabain on Na and K transport in isolated
perfused rat kidney. Am JPhysiol 224:1200—1205, 1973
51. SMITH HW: Principles of Renal Physiology. New York, New
York University Press, 1956
52. OCHWADT B, ScHRODER E, BETHGE H: Untersuchungen
uber den Stoffwechsel unveresterter Fettsaüren an der
isolierten Hundeniere mit Hilfe von C'4 Palmitinsaüre.
Pflugers Arch 286:199—206, 1965
53. TRIMBLE ME, BOWMAN RH: Renal Na and K transport:
Effect of glucose, palmitate and a-bromopalmitate. Am J
Physiol 225:1057—1062, 1973
54. RUEDAS G, WEIss C: Die Wirkung von Anderungen der
Natriumkonzentration in Perfusionsmedium und von
Strophanthin auf die Glucoseresorption der isolierten
Rattenniere. Pflugers Arch Ges Physiol 298:12—22, 1967
55. KRAHE P, ORTH H, MISCHKE V, GROSSF: Renin release and
renin substrate reaction in the isolated perfused rabbit
kidney. Kidney Int 2:6—10, 1972
56. TosT H, NIZET A: Reduction of the glomerular filtration
rate by the efferent blood from a kidney taken from a pre-
viously dehydrated dog. Pfluigers Arch 345:327—333, 1973
57. VAN LIEw JB, DEETJEN P, BOYLAN JW: Glucose reabsorp-
tion in the rat kidney: Dependence on glomerular filtration.
Pfluigers Arch Ges Physiol 295:232—244, 1967
58. KNOX FG, SCHNEIDER EG, WILLIs LR, STRANDHOY JW,
OTT CE: Site and control of phosphate reabsorption by the
kidney. Kidney mt 3:347—353, 1973
59. NIZET A, LEFEBVRE P, CRABB J: Control by insulin of
sodium potassium and water excretion by the isolated dog
kidney. Pflügers Arch 323:11—20, 1971
60. HERRERA FC, WI-JITTEMBURY G, PLANCHART A: Effect of in-
sulin on short-circuit current across isolated frog skin in the
presence of calcium and magnesium. Biochim Biophys Acta
66:170—172, 1963
61. MILLER JH, BOGDONOFF MD: Antidiuresis associated with
administration of insulin. J AppI Physiol 6:509—512, 1954
62. MARTINO JA, EARLEY LE: Demonstration of a role of
physical factors on determinants of the natriuretic response
to volume expansion. J Clin Invest 46:1963—1978, 1967
63. NIZET A, GODON JP, MAHIFU P: Quantitative excretion of
water and sodium load by isolated dog kidney: Autono-
mous renal response to blood dilution factors. Pflügers Arch
304:30—45, 1968
64. NIZET A: Quantitative influence of non-hormonal blood
factors on the control of sodium excretion by the isolated
dog kidney. Kidney Int 1:27—37, 1972
65. ROSENFELD 5, KRAUS R, MCCULLEN A: Effect of renin,
ischernia, and plasma protein loading on the isolated per-
fused kidney. Am JPhysiol 209:835—843, 1965
66. NIZET A, GODON JP, MAHIEU P, KRAMER K: Autonomous
response of dog kidney to increased blood pressure with and
without saline loading. Pflugers Arch Ges Physiol 313:245—
251, 1969
67. NIZET A, GODON JP, MAHIEU P: Comparative excretion of
isotonic and hypertonic sodium chloride by isolated dog
kidney. Arch Int PhysiolBiochim 76:311—318, 1968
68. NIZET A: Comparative role of hormonal and non hormonal
factors in sodium tubular reabsorption, in XXI Vth hit Cong
of Physiol Sci Symposium on Renal Handling of Sodium,
Brestenberg, 1971, Basel, S Karger AG, pp. 75—83
69. NIZET A: Influence of serum albumin and dextran on
sodium and water excretion by the isolated dog kidney.
Pftugers Arch 301:7—15, 1968
70. NIZET A: Control by plasma potassium concentration of
sodium excretion by isolated perfused dog kidney. Pflugers
Arch 297:162—165, 1967
71. Essic A, LEAF A: The role of potassium in active transport
of sodium by the toad bladder. J Gen Physiol 46:505—515,
1963
72. BURG MB, ORLOFF J: Effect of temperature and medium K
on Na and K fluxes in separated renal tubules. Am JPhysiol
211:1005—1010, 1966
73. MAUDE DL: Stop-flow microperfusion of proximal tubules
in rat kidney cortex slices. AmJPhysiol2l4:1315—132l,1968
74. VANDER AJ: Direct effects of potassium on renin secretion
and renal function. Am JPhysiol219:455—459, 1970
75. NIZET A: The mechanism of fast renal compensation.
Pflugers Arch 341:209—217, 1973
76. BRICKER NS, BOURGOIGNIE JJ, KLAHR S: A humoral in-
hibitor of sodium transport in uremic serum: A potential
toxin? Arch Intern Med 126:860—863, 1970
77. NIZET A: Les fonctions homéostatiques autonomes du rein.
BullAcad R Med BeIg 128:463—478, 1973
Isolated perfused kidney 11
78. KEcK W, JOPPICH R, RESTORFF WD, FINSTERER V, PRUCK-
SUNAND P, BRECHTELSBAUER H, KRAMER K: Sodium excre-
tion in conscious and anesthetized dogs after large saline in-
fusion. Pfluigers Arch 341:51—62, 1973
79. Nizir A, TOST H, FOIDART-WILLEMS J: Control of sodium
excretion following saline infusion in dogs: Natriuretic
factors and blood dilution. Pflugers Arch, 350: 287—298, 1974
80. LICHARDUS B, NIZET A: Water and sodium excretion after
blood volume expansion under conditions of constant arte-
rial, venous and plasma oncotic pressures and constant
hematocrit. Clin Sd 42:701—709, 1972
81. LEVINSKY NG: A critical approach of some evidence for a
natriuretic hormone, in Proc of the 5th mt Congr of Nephrol,
Mexico City, 1972, Basel, S Karger AG, 1974, vol. 2, pp. 162—
166
82. KALOYANIDES GJ, AZER M: Evidence for a humoral mech-
anism in volume expansion natriuresis. J Cliii Invest 50:
1603—1 612, 1971
83. BEHRENBECK DW, LENGAS A, REINHARDT HW: Unter-
suchungen an wachen Flunden uber eine vom Aldosteron
unabhangige Regulierung der Natriumbilanz. Pfldgers Arch
GesPhysiol 73:283, 1965
84. HIGGINs JT JR: Role of extracellular volume in diuretic re-
sponse to saline loading. AmJPhysiol22O:1367—1372, 1971
85. MILLS IH, WILSON RJ, DE BoNo E: The natriuretic hormone
of renal origin, in Abs. of the 4th mt Cong of Nephrol,
Stockholm, Sweden, 1969, p. 433
86. GODON JP, NIZET A: Release by isolated kidney of a natriu-
retic material following saline loading. Arch mt Physiol
Biochim, 82: 309—311, 1974
